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Abstract. The sensitivity to pressure of lossy air-guided modes in a commercial hollow-core photonic crystal fiber was 
experimentally exploited to develop a novel pressure sensor. The transmission of these modes was directly modulated by 
the measurand, which makes the interrogation system very simple. Using a supercontinuum source, these specific modes 
were identified within the visible spectral range and correspond to narrow transmission windows well away from the 
fiber's main bandgap, centered around 1550 nm. The origin of these windows is being investigated but is likely to be 
related to cladding bandgaps. One of these windows, around 633 nm, was used for the analysis presented in this paper. 
An attenuation increase was observed when pressure was applied to a ~3-cm long cell, which was traversed by the fiber. 
The attenuation reached 5 dB with 300 kgf/cm^ gauge pressure. The transmission was found to be insensitive to 
temperature up to 100°C, which is a highly attractive feature for sensing applications. It was also found that much higher 
sensitivities (a few dB attenuation with -0.5 kgf/cm^ gauge pressure) could be obtained when pressure was internally 
applied to the fiber microstructure. This fact allows for the construction of sensors with a wide range of sensitivities, 
which can, thus, suit different applications. Transmission within the infrared bandgap was insensitive to pressure and can 
serve as a reference. 
Keywords: Hollow-core photonic crystal fiber, pressure sensor, lossy air-guided modes. 
PACS: 07.07.Df, 07.60.Vg, 42.70.Qs, 42.81.Pa. 
INTRODUCTION 
The Photonic Crystal Fibers (PCFs) are optical fibers that have a microstructure in their transverse section, which 
runs continuously throughout its longitudinal length. The properties of PCFs have been explored for a wide range of 
apphcations in metrology, nonlinear optics, spectroscopy, telecommunications and sensing [1]. 
In the latter field, PCFs have been shown to have the potential of presenting higher sensitivity to physical 
parameters such as temperature [2] than conventional fiber sensors. The microstructure also allows for the insertion 
of hquids, gases and colloids and, thus, for the development of unprecedented chemical [3] and biological [4] 
sensors. In principle, the air buffer within the holey cladding also makes the PCF more mechanically deformable 
than conventional fibers. This characteristic may make PCFs more susceptible to hydrostatic pressure, a parameter 
for which conventional fibers are yet to provide a definite sensing solution. 
Most fiber-based pressure sensors require that pressure be translated into some other parameter before being 
transduced into an optical measurand. Some proposed sensors use the displacement between a fiber tip and a second 
fiber or a mirror. The fiber is attached to a diaphragm, which is displaced with pressure, inducing a variation on the 
transmitted or reflected intensity [5]. Another class of pressure sensors uses fiber micro-bending induced by a 
mechanical thread pressed against the waveguide's side. Both of these approaches require a complex mechanical 
apparatus and are not readily applicable to certain environments. 
Another kind of sensor uses fiber Bragg gratings for pressure measurement [6], which show a direct sensitivity to 
pressure of -2.9x10""' nm.cm^/kgf. Attaching the grating to a mechanical apparatus that stretches with pressure 
increases the device sensitivity. In any case, these sensors' sensitivity to temperature is an issue and compensation 
techniques are needed [7]. 
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Pressure sensors have been demonstrated using highly-birefringent PCFs and are based on monitoring state of 
polarization changes due pressure-induced birefringence [8-10]. One of the most remarkable advantages of these 
PCF-based sensors is their low temperature sensivity, as well as their suitability to harsh environments [10]. 
Nevertheless, determining the state of polarizarion requires a somewhat complex interrogation setup. 
This paper proposes and experimentally demonstrates the use of a bandgap-guiding hollow-core PCF as a simple 
and temperature insensitive pressure sensor. As the device is simply based on pressure-dependent loss exhibited by 
some guided modes, significantly simpler interrogation approaches are required. 
LOSSY AIR-CORE MODES AND EXPERIMENTAL SETUP 
The fiber used in the tests is the commercial model HC-1550-02, provided by the Crystal Fiber A/S. Figure 1 
shows the transverse section of the exact sample employed, with a 11.5-|j,m diameter core and a cladding 
microstructure with a 3.9-|j,m pitch and a 3.7-|j,m hole diameter. Although designed for 1550-nm bandgap guidance, 
this fiber also presented in the visible region several spectrally-narrow high-loss (at least a few dB/cm) transmission 
windows that are observable for fibers of up to ~40 cm but vanish for longer fibers. 
FIGURE 1. Scanning electron micrograph of the transverse section of the hollow-core PCF (HC-1550-02) used in the 
experiments. 
Figure 2 shows a transmission spectrum obtained with a 20-cm-long fiber sample, in which the mentioned 
transmission peaks appear. The high wavelength dependence observed in the visible suggests that hght is guided by 
cladding-bandgap confinement, rather than by partial reflection in a capillary-like structure. The mode at -633 nm 
has been characterized in more detail and corresponds to a single-transverse-phase, LPoi-like, mode. 
The exact origin and characteristics of these windows are being investigated and will be reported somewhere 
else. In fact, another distinctive, but broader, transmission window can be seen at ~1 |am. This window has a loss 
that is lower than that observed around -1.55 |j,m, where the PCF is designed to operate. This fact suggests that the 
observed spectrum is a result of imperfections in the microstructure of this particular fiber sample. 
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FIGURE 2. Transmission spectrum obtained with a 20-cm fiber section showing several lossy air-core transmission windows in 
the visible. 
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It has been found that the narrow transmission windows in the visible are highly sensitive to apphed pressure, 
while the other, wider, bandgaps in the infrared are not. The setup shown in Figure 3 was then used for pressure 
sensing measurements. A PCF-based supercontinuum source was coupled in 20 cm of the HC-1550-02 fiber with a 
40x objective lens. The pressure was applied in a roughly 3-cm-long section of the fiber that traversed a pressure 
chamber connected to a hydrauhc pump. The gauge pressure was measured with a manometer and the optical output 
was butt-coupled to a multimode fiber connected to an optical spectmm analyzer. Gauge pressure was applied in 100 
kgf/cm^ steps, from 0 to 300 kgf/cm^. 
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FIGURE 3. Experimental setup used for pressure sensing. 
RESULTS AND DISCUSSION 
The guided mode around 633 nm was chosen for the analysis. As can be seen in Figure 4(a) the optical intensity 
decreases with the apphed pressure and when the pressure is released the intensity returns precisely to its initial 
value. The shown spectra are broadened by the resolution of optical spectrum analyzer (10 nm) to improve the 
visualization of the detected power variation. In contrast. Figure 4(b) shows that the transmission window around I. I 
|am is almost insensitive to pressure and that the transmitted power around 1150 nm is completely insensitive to it. 
For sensing apphcations this means that this infrared region can then serve as a transmission monitor, which will 
only show a change if the fiber is subjected to other loss sources (e.g. bending). 
The attenuation at 633 nm as a function of the apphed pressure, normahzed by the attenuation at atmospheric 
pressure, is shown in Figure 5. It can be seen that the sensitivity to pressure variation increases with apphed pressure 
and that the sensor is suitable for operation in the few-hundred kgf/cm^ range. As loss variations of O.I dB are still 
accurately detectable, pressure variations of less than ~I0 kgf/cm^ can be accurately measured. 
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FIGURE 4. PCF transmission spectra around 633 nm (a) and 1100 nm (b) as a function of gauge pressure. 
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FIGURE 5. Attenuation increase at 633 nm as a function of gauge pressure. 
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Alternatively, a different setup was assembled in which pressure was applied to a sealed chamber where one of 
the fiber tips was placed. A He-Ne laser was coupled into the fiber through a sapphire window with the use of a lOx 
objective lens. The fiber tip inside the chamber had its cladding holes collapsed so that only the core was exposed to 
pressure. A pressure increase is, thus, expected to induce a core expansion, distorting the cladding microstmcture. In 
this case, a pressure variation as low as -0.5 kgf/cm^ induced losses of a few decibels. A more detailed 
characterization of this configuration is under way. 
The loss sensitivity to temperature was evaluated with this second setup, both with and without pressurizing the 
fiber. No noticeable transmission change was observed for temperatures up to -IOO°C. For higher temperatures the 
loss varied in a non-monotonic way, which is still being investigated. The results, therefore, indicate that the PCF 
can act as a temperature-independent pressure sensor up to IOO°C. 
The results described here suggest that the loss increase obtained at 633 nm in the PCF is a result of pressure-
induced deformation of the cladding microstructure, which affects the lossy mode that is weakly confined through a 
photonic bandgap. This hypothesis is corroborated by the fact that considerably more pressure is required if pressure 
is externally apphed, in which case the outer silica jacket protects the microstmcture. For this reason, the operation 
range with the setup of Fig. 3 may be expected to shift towards lower values if the PCF section submitted to pressure 
is chemically etched. Note that one can virtually discard alternative explanations, such as micro-bending, for the 
observed pressure-dependent loss because the transmission in the - I . I |am window remains unchanged and because 
the two discussed setups operate in very different ranges. 
CONCLUSIONS 
The impact of hydrostatic pressure on the transmission of a hollow-core PCF was studied. Certain lossy windows 
within the visible range of the spectrum were shown to be highly sensitive to pressure, but independent of 
temperature up to -IOO°C, and can be exploited for the development of sensors with very simple interrogation 
schemes. When pressure was externally applied, the PCF was shown to be suitable for sensing in the hundreds of 
kgf/cm? range. Lower pressure ranges (down to a fraction of kgf/cm^) could be sensed when the internal 
microstructure was directly exposed to pressure. In addition, the transmission in infrared bandgaps was found to be 
unaffected by pressure and can be used as a reference for the sensor. 
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